and -16, were established. They originated from either primary pancreatic cancer biopsy or liver metastasis biopsy, or xenografts of these biopsy specimens in athymic nude mice. The primary tumors were all well differentiated adenocarcinoma of pancreatic duct origin. The six established PK cell lines were all CEA positive and had tumorigenicity in athymic nude mice. Morphology of the xenografted tumors was closely similar to that of the original tumor. PK cells grew slowly with the doubling time of 41.3 to 82 hr and showed aneuploid chromosome pattern. High levels of glucose-6-phosphate dehydrogenase (G6PDH) and lactic dehydrogenase (LDH) were found in each cell extract. Trypsin was not detected in cell extracts except PK-8 and PK-9. In chemosensitivity test, all of PK cell lines were sensitive to aclacinomycin A (ACM), and PK-1 and PK-8 were sensitive to 5-Fluorouracil (5-Fu) at concentrations of 0.02 pg/ml, ACM and l;ug/ml, 5-Fu, when the drugs were used for over 48 hr. At higher concentrations, they showed time independent sensitivity to mitomycin C (MMC). PK-9 was resistant to 5-Fu and MMC. pancreatic cancer cell lines ; xenografted tumors ; chemosensitivity test
to increase diagnostic accuracy and to improve adjuvant chemotherapy, it is required to elucidate biological, immunological, and histological features of pancreatic cancer, for which are considered to be valuable human pancreatic cancer cell lines and xenograft lines. There are several reports on cultured cell lines and xenograft lines of human pancreatic duct cell carcinoma in spite of difficulties in obtaining cancer tissue adequate for culture, scirrhous texture of tumor with low cancer cell density, and contamination of fibroblasts (Giard et We attempted to establish pancreatic cancer cell lines from twenty patients with pancreatic cancer, and obtained six individual cell lines. Among them, we previously reported the establishment and histological features of the PK-1 cell line in connection with the expression of tumor-associated antigen (Kobari et al. 1984) . In the present report, we describe the biological and histological features of the established cell lines, and the sensitivity of these cell lines to current chemotherapeutic agents at their clinically achievable concentrations.
MATERIALS AND METHODS
Sources of materials for primary culture. Primary tumor tissues used for cultivation were obtained as follows : PK-1, a liver metastasis of carcinoma of the body of the pancreas ; PK-8, a xenografted tumor in athymic nude mice (BALB/c nu/nu) from liver metastasis of carcinoma of the head of the pancreas ; PK-9, a biopsy specimen of resected tumor of the head of the pancreas ; PK-12, a xenografted tumor in athymic nude mice from liver metastasis of carcinoma of the head of the pancreas ; PK-14, a xenografted tumor in athymic nude mice from biopsy specimen of carcinoma of the head of the pancreas ; PK-16, a xenografted tumor in athymic nude mice from biopsy specimen of peritoneal disseminated tumor of carcinoma of the body of the pancreas. Xenografted tumors used for in vitro primary cultivation were all within 3 passages of xenografts from the original human biopsy. Histological features of each tumor were summarized in Table 1 .
Method of culture. Tumor tips free from the surrounding connective tissues were washed in PBS to eliminate residual blood, minced with scalpels into 1 mm3 cubes in medium, and filtered through #30 metal mesh sieve with MEM (Nissui Co., Ltd., Tokyo) or RPMI 1640 (GIBCO, Grand Island, NY, USA) supplemented with 20% fetal bovine serum (inactivated at 56°C for 30 min ; Flow Laboratories, North Ryde, N.S.W., Australia), penicillin (100 p/ml), and streptomycin (100 pg/ml). The dispersed tumor cells suspended in the supplemented MEM for PK-1, or in the supplemented RPMI 1640 for PK-9 were seeded into 0.5 ml wells of a small plastic 4-well multidish (Nunc, Roskilde, Denmark). Other series of minced tumor pieces (PK-8, -12, -14 and -16) were treated 3 times with 0.02% EDTA-PBS containing 0.25% trypsin (GIBCO, Grand Island, NY, USA) and 0.02 mg ml deoxyribonuclease (Millipore Corporation, Freehold, NJ, USA) for about 5 min. The dispersed cells were washed with RPMI 1640 supplemented with 10% FBS, and resuspended at a fairly high concentration in the same culture medium. In PK-8 and PK-14, tumor cells were suspended in RPMI 1640 supplemented with penicillin, streptomycin, 2 mM Lglutamine, 10 mM N-2-hydroxyethylpiperazine-N-2'-ethanesulfonic acid, and 10% FBS.
In PK-12 and PK-16, tumor cells were suspended in the supplemented RPMI 1640, which also contained other supplements such as 5 ng/ml epidermal growth factor (Collaborative Research, Inc., Lexington, MA, USA), transferren 10,ug/ml (Sigma Chemical Company, St. Louis, MO, USA), regular insulin 5,ug/ml (Shimizu Seiyaku Co., Ltd., Shizuoka), and hydrocortisone 1.4 x 10-6 M (Nikken Chemical Co., Ltd., Tokyo). The latter 4 cell suspensions (PK-8, -14, -12 and -16) were seeded into Costar #3524 24-well plates (Costar, Cambridge, MA, USA) and incubated at 37°C in 5% COZ in air. A half volume of medium was changed every 3 days. A serial transfer of primary and established cultures was carried out by treatment with 0.25% trypsin in 0.02% EDTA-PBS after confluent monolayers were obtained. Contaminating fibroblasts were eliminated by removing detached floating cells after treatment with 0.25% trypsin in 0.02% EDTA-PBS for 5 to 10 min. Then, the tumor cell colonies remained were cultured. These procedures were repeated several times until no further growth of fibroblasts were observed. Once these tumor cells adapted themselves to the in vitro environment, colonies comprising solely tumor cells were transferred to new dishes, and finally epithelial tumor cells without any fibroblastic cells were serially maintained in Corning #25100 flask (Corning Glass Works, Corning, NY, USA). Cultured tumor cells were arbitrarily considered to be established when (a) stable monolayer outgrowth became semiconfluent, (b) cells were successfully subcultured over ten times, and (c) no contamination of fibroblasts or other cells was observed.
In vitro growth characteristics. Cells were cultured in 35 mm plastic dishes (Falcon, Oxnard, CA, USA) at a cell concentration of 1 X 105 or 2 x 105 in 1.5 ml of culture medium supplemented with 10% FBS. Cell numbers were counted in triplicate dishes every 24 hr without change of medium. The doubling time of cell population was determined from the logarithmic growth phase. Saturation density was determined from the cell number in stationary growth phase divided by area of the dish. Plating efficiency was determined by plating 1 X 105 cells in 35 mm dishes and 16 hr later, unattached cells were washed away, and the culture was trypsinized, and the percent of counted cells divided by 1 x 105 were obtained.
CEA assay. Membrane CEA on pancreatic cancer cell lines was examined by indirect immunofluorescence test using anti-CEA serum (DAKO-immunoglobulins Ltd., Copenhagen, Denmark) and FITC-labeled anti-rabbit IgG serum (Hoechst Behring Institute, Marburg-Lahn, FRG). Radioimmunoassay of 5-day spent culture medium was performed for the detection of secreted CEA by employing Dainabot Kit (Dainabot Japan, Tokyo).
Chromosome analysis. Cells treated with colchicine (40)ug/ml) for 16 or 20 hr were harvested, treated with 0.9% sodium citrate solution for 10 min, fixed in the mixture of a coverslip by flame. Chromosome counting was performed on 100 metaphasic cells after Giemsa staining.
Tumorigenicity of the established cell lines in athymic nude mice. Established PK-cell lines (1 X 10' or 2 X 10') were implanted into athymic nude mice subcutaneously, and 1 or 2 months after implantation the visible tumors of about 10 x 10 mm in diameter were resected. A half of the tumor resected was used for histological examination and another half was transplanted into nude mice.
Enzyme assay. Cell extracts and serum-free spent culture media were pooled for each enzyme assay. Cultured semiconfluent monolayer cells were washed three times with PBS and incubated for 5 days in serum-free RPMI 1640. The 5-day spent culture media were pooled for detection of secreted enzymes. The remaining monolayer cells were collected by trypsin treatment. After three washes with PBS, the collected cells suspended in PBS were extracted by sonication treatment on ice at 200 W with microprobe of a sonicator. Homogenates and serum-free spent culture media were centrifuged at 15000 X g for 60 min. These supernatants were concentrated up to 10-fold and assayed for enzymes and protein concentration. All procedures for extraction and centrifugation were carried out at 4°C. LDH, ALP and G6PDH were assayed using reagent kits (Wako Pure Chemical Industries Ltd., Osaka). Trypsin was assayed by radioimmunoassay kit (Hoechst Behring Institute, Marburg-Lahn, FRG). Protein concentration was measured by the method of Lowry et al. (1951) . All enzyme activities were expressed as milliunits/mg protein or milliunits/ 106 cells.
Chemosensitivity test. Trypsinized cell suspensions were seeded in 35 ram plastic petri dishes (Falcon, Oxnard, CA, USA) at a concentration of 1 x 105 in 1.5 ml of culture medium supplemented with 10° FBS, and incubated at 37°C for 3 days until monolayer cells of logarithmic growth phase were obtained. After removal of spent medium, 1.5 ml of fresh medium containing each drug at each concentration was added to each dish. At the end of each drug exposure time, dishes were changed with fresh media without drugs and allowed to continue growth.
Culture media with or without each drug were fully changed every 3 days. At the end of incubation 9 days after the start of drug exposure, the total cell number per dish was counted on trypsinized cells. Surviving fractions (or test/control ratios) were also determined by dividing each cell number of test dish by that of control dish. Each drug concentration at each exposure time was tested on 3 dishes. The following drugs, which are generally used for the adjuvant therapy of pancreatic cancer in our department of surgery were used in the test : Aclacinomycin A (ACM; Sanraku-Ocean Co., Fu.jisawa), a new anthracycline group antibiotic discovered and produced by Umezawa (Oki et al. 1975 ), who found it more oncostatic and less toxic than adriamycin (ADM) ; 5-fluorouracil (5-Fu; Kyowa Hakko Kogyo Co., Tokyo) ; and mitomycin C (MMC ; Kyowa Hakko Kogyo Co., Tokyo). Each drug concentration was selected in reference to the clinically attainable dose in patients' sera, which was determined as follows : 5-Fu, l ,ug/ml ; MMC, 0.01 1ug ml; and ACM, 0.02,ug/ml. Plasma concentration of 5-Fu after i.v. bolus injection at 15 mg kg declined rapidly to 0.5,ug/ml within 2 hr ( ). Blood level of ACM and its metabolites after i.v. bolus injection of 5 mg Kg declined to 0.05,ug/ml within 2 hr, and it was maintained at the level over 0.03 1cg/ml even after 24 hr (Oki et al. 1981 ). Drug exposure time was determined in consideration of the average doubling time, 48 hr, for these cell lines.
RESULTS
Establishment of cell lines. Within the first week of cultivation, cell clusters or small pieces of tumor tissues grew to cell colonies. These colonies gradually grew larger and became surrounded by fibroblastic cells. When the colonies became large enough for subcultivation, fibroblasts were removed by trypsin treatments, and the remaining colonies contaminated with a few fibroblasts were transferred to new dishes. After several trypsin treatments, a monolayer of epithelial tumor cells without any fibroblasts could be obtained. Thus, we succeeded in establishing six cell lines of pancreatic cancer out of twenty cases attempted.
These cultures were successfully transferred from 20 up to 60 times. Morphology. Morphological features of viable cultured cell; in vitro were characterized by polygonal or slightly elongated epithelial cells being arranged like a honeycomb. PK-1 cells and PK-8 cells were small with large nuclei and formed a closely connected confluent monolayer sheets without piling up (Figs. la  and b) . PK-9 cells were smaller than PK-1 or PK-8 cells and grew to form a confluent monolayer accompanying vacant areas without any cells (Fig. lc) . PK-14 cells were much heterogeneous in their shapes and formed loosely connected areas of large cells or closely connected areas of small cells (Fig. le) . Large cells in PK-14 were rich in cytoplasm and had large nuclei with 1 to 4 nucleoli. PK-12 and PK-16 cells were large and rather elongated. They grew like scattered stars of cells gradually forming loosely connected monolayers (Figs. id and f). When they overgrew or were left in unfavorable conditions, they easily piled up to form small colonies. The histological features of original human materials for primary cultures and xenografted tumors in athymic nude mice innoculated with the established pancreatic cancer cell lines are summarized in Table 1 and in Figs. 2-7 . Primary tumors were generally more or less welldifferentiated adenocarcinomas with large grandular patterns, suggesting that the tumors originated from pancreatic duct cells, but not from acinar cells. It is interesting that the histological features of xenografts of nude mice showed more differentiated patterns than the primary tumors in addition to close similarity to primary tumor histology. In vitro characteristics. Six cell lines of pancreatic cancer showed a fairly slow growth with the doubling time ranging from 41.3 to 82 hr. The plating efficiencies in plastic dishes showed narrow range from 70 to 98%. The saturation densities were from 0.16 to 0.56. Though their modal chromosome numbers were not so increased as expected, the mean chromosome numbers were more than diploid with wider range from 36 to 136 at passages from 12th to 24th except for the PK-9 cell line. Most cells in the PK cell lines expressed CEA on the cell surfaces detected by the indirect immunofluorescence method and secreted detectable amount of CEA in the culture medium (Tables 2 and 3) .
Tumorigenicity in athymic nude mice. All six established cell lines of pancreatic cancer were tumorigenic in nude mice (Table 3) . Innoculation of PK-1, -8 and -16 resulted in detectable tumor detectable tumors within two months. But, in cases of PK-9, -12 and -14, it took over two months to obtain large masses enough for histological examination. Growth characteristics in vitro were not always reflected on the growth patterns of xenografted tumors in athymic nude mice. Histological features of these tumors were as mentioned above (Table  1) . These tumors have been continuously maintained in nude mice over five Enzyme analysis. Intracellular enzymes, ALP, G6PDH and LDH, were detected in almost all cell extracts. High levels of LDH and G6PDH were detected in the cell extracts, whereas high level of ALP was secreted in culture media. Trypsin was not detected except in PK-8 and PK-9 (Table 4) (Table 5 and Fig. 8a ). After 48 hr drug exposure at the concentration of 50,ug/ ml, all lines additionally showed marked cell loss indicating the cytocidal effect of 5-Fu. In the responses to MMC, sufficient decrease in T/C ratio was not obtained at a low concentration. A concentration over 0.1 p g/rnl and an exposure time over 48 hr were necessary to obtain sufficient growth inhibitory effect. PK-9 was also resistant to MMC. At higher concentrations, time independent growth inhibitory effects were detected (Table 6 and Fig. 8b ). The cytocidal effect was also detected at the concentration over l ,u g/ml and after 48 hr exposure except in PK-16. A marked growth inhibitory effect was obtained in ACM in all cell lines. Fairly low T/C ratios for 2 hr exposure and lower T/C ratios below 0.5 for 48 hr exposure were observed at the concentration of 0.011ag/ml. Continuous exposure even at this low concentration brought about the lowest T/C ratios Fig, 8 . Growth inhibitory effects of anti-tumor drugs on cultured human pancreatic cancer cell lines, a, 5-Fu; b, MMC ; c, ACM. After 3 days cultivation, cells on logarithmic growth phase were treated with fresh media containing each drug at each concentration. After the end of each drug exposure time, cells were allowed to continue growth in fresh media without drugs and cell numbers wers counted on nineth day after the start of drug exposure.
Each point (o , o , o ) indicates the cell number on the nineth day after the start of drug exposure and the symbol x indicates the cell numbers of control dishes. below 0.1 in all cell lines. All cell lines showed marked decreases in cell number as compared with the plating cell number in continuous exposure group at any drug concentrations.
The cytocidal effect of ACM was also observed in the group of drug exposure time over 48 hr at concentrations over 0.1pg/ml (Table 7 and Fig. 8c ). . 1980) . In recent years, were developed primary cultivations from xenografted tumors in athymic animals to overcome the above difficulties (Fogh et al. 1977 ; Dexter et al. 1982) .
We succeeded in establishing four pancreatic cancer cell lines from xenografted tumors in athymic nude mice. The xenografted tumors in nude mice were soft in these consistence and dense in tumor cells, which were helpful to separate tumor cells and to obtain a large quantity of tumor cells. We also established two cell lines, of which one originated from liver metastasis of pancreatic body cancer (Kobari et al. 1984 ) and another from primary tumor lesion of resected pancreatic head cancer. Thus, the establishment of pancreatic cancer cell lines from primary lesions was successful in only one out of 20 cases attempted.
Five cancer cell lines out of six were established from either metastatic or xenografted tumors. This may be due to some differences in the in vitro growth of tumor cell populations between the primary tumor and the metastatic or xenografted tumors (Fidler 1975; Morgan et al. 1980; Rosslet and Schirrmacher 1982) .
The in vitro growth rates of cultured cell lines established in this study were relatively slow as compared with other pancreatic cancer cell lines (Lieber et al. 1975; Akagi and Kimoto 1977; Yunis et al. 1977; Morgan et al. 1980; Chen et al. 1982; Dexter et al. 1982) . The microscopic features of each cultured pancreatic cancer cell line were the typical polygonal pattern of epithelial cells, though some morphological heterogeneities and differences of growth patterns were observed. Karyotype of many cells was aneuploid, ranging from 36 to 136. The shapes of each chromosome were mostly metacentric type of human being, not telocentric type of mouse. All PK-cell lines produced CEA, which is a definite marker of human adenocarcinoma cells. In addition, these cell lines expressed pancreatic cancer associated antigen, which was detected by pancreatic cancer specific monoclonal antibody F30 produced in our laboratory (Kobari et al. 1986 ). These results indicate that all of the established pancreatic cancer cell lines were derived from human malignant epithelial tumor cells, but neither from nonepithelial fibroblastic cells nor from murine cells.
It is generally accepted that the ability of tumor cells to adapt themselves to in vitro condition is inversely related to their stage of differentiation (Grant et al. 1979) . While histological features of almost all pancreatic cancer cell lines reported up to now were anaplastic or undifferentiated adenocarcinoma type (Lieber et al. 1975 ; Akagi and Kimoto 1977 ; Yunis et al. 1977 ; Grant et al. 1979 ; Chen et al. 1982) , those of our pancreatic cancer cell lines were all differentiated adenocarcinoma from moderately differentiated tubular adenocarcinoma to papillotubular adenocarcinoma with large duct formation. Histological features of xenografted tumors from established pancreatic cancer cell lines were closely similar to that of the corresponding original primary tumor specimens. These results, together with in vitro growth characteristics, indicated that our pancreatic cancer cell lines originated from the most common type of pancreatic duct cell adenocarcinoma and not from acinar cells. All of our established pancreatic cancer cell lines gave rise to xenografted tumors in nude mice as other human pancreatic cancer cell lines (Dobrymin 1963 ; Lieber et al. 1975 ; Owens et al. 1976 ; Akagi and Kimoto 1977 ; Fogh et al. 1977 ). Trypsindispersed cells from these xenografted tumors also formed monolayer sheets in vitro. These cell lines could be maintained to and fro between in vitro and in vivo. It is interesting to note that the histological features of xenografted tumors were more differentiated than those of the original tumors in a half of pancreatic cancer cell lines. It may be due to the selective growth of certain cell populations during serial transplantations in vivo or subcultivations in vitro, or may be related to a loss of certain biochemical properties or a loss of surface receptors to specific monoclonal antibodies like a small cell lung carcinoma (Gazdar et al. 1981) . It is conceivable that differentiated pancreatic cancer cells express much more unique characteristics or markers of pancreatic cancer than anaplastic or undifferentiated pancreatic cancer cells, which may only express common characteristics of malignancies. Accordingly, our pancreatic cancer cell lines may be a good model of human pancreatic cancer for analysis of tumor markers and tumor chemosensitivity.
In analysis of the pancreatic cancer cell lines for several enzymes, no consistent results could be obtained. Intracellular enzymes, ALP and LDH, were detected in cell extracts of our cell lines except PK-1, as reported by others (Akagi and Kimoto 1977; Yunis et al. 1977; Grant et al. 1979) . Although extracellular release of LDH, which is suggestive of cell death, was not distinct in spent culture media, a similar intracellular enzyme, ALP, was much secreted in the spent culture media. This result may not indicate cell death but may show active secretion of ALP as a function of pancreatic cancer cells. G6PDH, which is commonly involved in cancer cells, was also found in our cell extracts, probably as a result of an increased nucleotide synthesis (Lieber et al : 1975; Yunis et al. 1977; Weber et al. 1981 ).
In the chemosensitivity tests, growth inhibitory effects of each drug were mainly examined. Chemosensitivities of pancreatic cancer cell lines to 5-Fu were not constant. PK-1 and PK-8 were sensitive at clinical dose when 5-Fu was used continuously. PK-12, PK-14 and PK-16 were relatively resistant and showed time-dependent growth inhibitory effect at high concentration.
Cytocidal effects of 5-Fu and MMC were not distinct at clinical doses. PK-9 was resistant to 5-Fu and MMC. Though it was reported that there was a great similarity in sensitivity to most of the drugs among pancreatic carcinoma xenografts with similar histology (Courtenay et al. 1982) , there was a marked difference in sensitivity to 5-Fu in our experiments using six pancreatic cancer cell lines. On the other hand, it was shown that in vitro chemosensitivity correlates with the prior chemotherapeutic treatment of patients, but not with cellular morphology (Carney et al. 1983 ). Though our cell lines were derived from previously untreated patients, PK-9 showed distinct chemoresistance. Therefore, as PK-9 maintained biochemically differentiated properties such as high CEA secretion ability and high activities of intracellular anzymes, LDH and G6PDH, it is interesting to investigate a relation among high chemoresistance of PK-9, its biochemical properties, differentiation grade of cells, and the phase of cell cycle. In all of pancreatic cancer cell lines, ACM showed a marked growth inhibitory effect at clinically achievable concentration of 0.01 lug/ml, when it was used for over 48 hr, one cell cycle. ACM had also cytocidal effect, together with growth inhibitory effect, in high dose group or in continuous exposure group at low concentration.
The above results indicate that ACM and 5-Fu may have higher response with lower level of toxicity when they are administered for a long period at a low concentration.
MMC may be effective when it was locally implanted in the tumor as a form of MMC capsule with controlled release (Yamada et al. 1979 ). However, the clinical application of the present study must be discussed under the following conditions ; tumor cell resistance to these drugs would not arise, and these drugs could reach the tumor tissue at effective levels.
